Pure molybdenum powder was sintered using spark plasma sintering (SPS) under various temperatures and holding times, under a pressure of 77 MPa and a heating rate at 700 K/min (700°C/min). After sintering, a carbide layer was observed at the surface. The carbide layer thickness, the relative density of the sample as well as the microhardness, and the grain size of Mo were measured. The carbide thickness depends on time and temperature, and it was found that the carbide layer grows in a parabolic manner, with the activation energy of carbon diffusion in Mo being equal to 34 Kcal/mol. The densification of Mo is controlled mainly by the sintering temperature and the holding time. The molybdenum powder was successfully consolidated by SPS in short times. A relative density of 100 pct is achieved at a sintering temperature of 2123.15 K (1850°C) and a holding time of 30 minutes. It was shown that the hardness decreases slightly with temperature and time. It should be related to the increase in grain size with the sintering temperature and time.
I. INTRODUCTION
MOLYBDENUM has a body-centered-cubic structure with a melting point of 2883.15 K (2610°C) and a density of 10.22 g/cm 3 and presents a great potential to become an important refractory metal. The refractory properties of molybdenum reflect the high strength of its interatomic bonding. [1] This material was used for hightemperature applications in a variety of industries. In addition, the relatively low thermal neutron cross section of Mo makes it suitable for nuclear applications. The unique combination of physical, chemical, and mechanical properties of Mo makes it an ideal material for a variety of engineering applications where hightemperature resistance and ductility are key issues. [1] [2] [3] [4] [5] Molybdenum was used in many electronic applications from the earlier days of the technology. This metal combines both satisfying thermal conductivity (142 W/ mAE K at 293.15 K (20°C)) and a coefficient of thermal expansion, which offers a good match with that of silicon (4.8 and 2.6 ppm/K at 298.15 K (25°C), respectively). Thanks to that large area, silicon devices (up to 10 cm in diameter) can be directly bonded onto a molybdenum disk to improve their mechanical strength in high power, press-pack packages. [6] Such components were manufactured for several decades, using molybdenum disks directly stamped from fully dense wrought sheet. In this way, the deleterious effects of residual porosity on the thermal conductivity are eliminated.
Generally, powder metallurgy was used for the production of bulk Mo components. [3] [4] [5] High sintering temperatures, in the range of 2073.15 K to 2273.15 K (1800°C to 2000°C), with long sintering times, are required for densification above 90 pct of the theoretical density for refractory metals. Because of the difficulty in achieving full densification of Mo, much research focused on the enhancement of sinterability. In this regard, one of the suggested processes for enhancing sinterability is the activated sintering process in which a metal such as Ni, Pt, Pd, or Co is added to Mo. [7] [8] [9] [10] [11] [12] [13] However, these elements can degrade the electrical and thermal properties of the Mo. To achieve nearly full density in short processing time intervals, while concurrently minimizing grain growth-related degradation of mechanical properties, a few nonconventional techniques were reported. Explosive consolidation, [14] [15] [16] [17] ceracon rapid omnidirectional ROC, [18] [19] [20] plasma-activated sintering PAS, [21, 22] and microwave sintering [23, 24] are a few of the rapid consolidation techniques reported in the literature. First studies on short-time sintering of molybdenum powders by plasma pressure compaction (P 2 C) are reported in relative density of 97 pct. Nano-and microsized consolidated samples showed a microhardness varying from 2.18 to 2.16 GPa (222 to 220 HV), respectively. Spark plasma sintering (SPS) is a technique developed in the 1950s that enables ceramic or metal powder to be fully densified at relatively low temperature and in very short time. [27, 28] It is similar to conventional hot pressing, but the heating is obtained by applying an intense pulsed current through electrodes located on the top and bottom of a sintering die. This current was first thought to generate spark discharge at the interface between particles, activating and purifying the particles surface; [29] but now, the absence of plasma seems to be generally admitted. [30] Anyway, the presence of current seems to lead heat and mass transfer to be completed in extremely short time. Further advantages are sintering of powder without any additives, no need for cold compaction, and lower sensitivity to the initial powder characteristics. Therefore, SPS is an economical alternative to conventional sintering. Recently, OhserWiedemann et al. achieved a relative density of 95 pct of a sintered bulk of micropowder molybdenum using SPS at 1873.15 K (1600°C), an external pressure of 67 MPa, and a holding time at maximum temperature of 3 minutes. Moreover, the hardnesses of all investigated samples are in the same range, independent from the sintering conditions. The average hardness is 2.05 GPa (209 HV). [31] In this article, we investigate the consolidation of molybdenum powders by SPS. We study the influence of SPS processing conditions on the density, hardness, and grain size of bulk molybdenum specimens. In certain conditions, the final density obtained was 100 pct.
II. EXPERIMENTAL PROCEDURES
Commercial molybdenum powder (Goodfellow, Cambridge, United Kingdom, 99.99+ pct purity) with a particle size ranging from 55 to 355 lm was consolidated by the SPS technique. The as-received powder was found to have an average grain size equal to 16 lm (Figure 1 ). In this technique, molybdenum powders were poured directly, with no special treatment, into a cylindrical graphite die and without any additive or binder. The experiments were carried out using the SPS equipment (FCT HPD 25) available at the MATEIS laboratory.
In each experiment, the molybdenum powders are introduced in a carbon die of 20-mm inner diameter. Samples 20 mm in diameter and 2-mm high were sintered in vacuum (10 À2 Torr), with temperatures ranging from 1473.15 K to 2223.15 K (1200°C to 1950°C). The uniaxial pressure was fixed at 77 MPa during consolidation and maintained during cooling to room temperature. This pressure corresponds to the maximum pressure that the graphite die can sustain. The temperature was measured with an optical pyrometer focused on the surface of the graphite die ( Figure 2 ) and automatically regulated from 873.15 K (600°C) to the final sintering temperature. The temperature of 873.15 K (600°C) was reached via a preset heating program as the pyrometer could not sense low temperature (below 873.15 K (600°C)). The heating rate was fixed to 700 K/min (700°C/min), and the sintering time was varied from 5 to 30 minutes. It is important to note that carbon foils were placed under and below the powder to assure an easy dismantling of the sintered samples.
To study the microstructure, the samples were prepared for examination in optical microscopy to identify (1) the grain size and morphology and (2) the presence and distribution of processing related defects. The defect features include (a) irregular surface cracks, (b) stringlike and angular features, and (c) microscopic pores and voids. The surfaces and cross sections (sections parallel to the sintering pressure) of the sintered samples were ground and polished. An initial wet grind and coarse polish was done with progressively finer grades of Buehler's Ultra Plan, Ultra Pad, and Texmet polishing cloths. Finish polishing was achieved using 1-lm diamond paste. The samples were then cleaned to remove the lubricant. The cleaning process that was found to be successful consisted of (1) ultrasonic cleaning in acetone to remove the lubricant, (2) ultrasonic cleaning in trichloroethylene, (3) ultrasonic cleaning in microelectronic grade ethanol, and (4) rinsing in DI water and blow drying with nitrogen gas. The as-polished samples were wet chemically etched in H 2 SO 4 :HNO 3 :H 2 0 (1:1:3) for about 4 seconds.
The polished and etched samples were also examined by a scanning electron microscope (SEM), with the objective of determining the morphology and distribution of sintering defect porosity. The SEM study was performed on a PHILIPS* XL20.
Precise density measurements of the consolidated bulk molybdenum samples were made using the Archimedes' principle according to ASTM Standard B328-94. The relative density was calculated based on the The microhardness and hardness measurements were realized on a Vickers machine Wolpert (V-testor VDT 11) using a 0.3-kg charge and a Shimadzu HSV 20 using a 5-kg charge. The hardness value given for each sample is the average of at least 10 measurements taken randomly.
The grain size was measured using an optical microscope coupled to the image analysis software Grani (Clara Vision, Verrieres le Buisson, France). The method used to calculate the grain size is the intercept one (ASTM 112). For elementary analyses, secondary ion mass spectroscopy (SIMS) measurements were done using an IMS 4f spectrometer with O 2+ primary ion source (Cameca, Gennevilliers, France). The impact energy was 15 keV.
For structural analysis, the samples were characterized by X-ray diffraction (XRD: X'Pert Pro MPD from Panalytical, equipped with an X'Celerator detector monochromator, Cu K a radiation (Almelo, The Netherlands)).
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Molybdenum Carbide Formation
In order to check the SPS consolidated samples, the cross-sectional microstructure was imaged using an optical microscope with bright-field illumination for low magnifications and a SEM at higher magnifications. A representative optical micrograph and scanning electron micrograph are shown in Figures 3(a) and (b). This microstructure was obtained for sintering at 2123.15 K (1850°C) for 5 minutes, with a pressure of 77 MPa.
Two different zones can be observed in both images. The first one is localized near to the surface (M1), and the second one is in the center of the sample (M2). Moreover, the interface between both microstructures is clearly visible. This interface is not straight and shows large waves. The average thickness of the first zone M1 is equal to 115 lm. The cross-sectional hardness measurements made at different locations from the surface to the inner of the sample exhibit a large hardness gradient. The average hardness value was found to be 1400 HV0.3 and 173 HV0.3 in the M1 and M2 regions, respectively, which means that the nature of the materials is not the same between the two different zones. The average hardness value of M2 at 173 HV0.3 should correspond to molybdenum; this will be discussed in Section III-B-2. In contrast, the hardness value of M1 at 1400 HV0.3 corresponds to a material formed during sintering, whose identification is discussed subsequently. It is worth noticing that no additive was added to the molybdenum.
SIMS was performed on the M1 layer for elementary analysis to deduce the elementary composition of the layer. The SIMS spectrum in Figure 4 clearly shows that the layer contains only two elements (Mo and C). This means that the M1 layer is composed of Mo and C, which corresponds to molybdenum carbide.
Molybdenum carbide exists in two stable crystalline forms: a-Mo 2 C and b-Mo 2 C. [32, 33] The structure of b-Mo 2 C is hexagonal-close-packed, and the structure of a-Mo 2 C is orthorhombic. The XRD patterns of the sample surfaces were recorded at room temperature in the 2h range 30 to 80 deg (2h) in steps of 0.1 deg in Figure 5 . In all cases, the diffraction patterns recorded were characteristic of the b-Mo 2 C. [34] The b-Mo 2 C (1500°C) ). This means that the carbide layer was not observed at lower temperature, but it could be due to the removal of the thin carbide layer at the same time as the carbon foil. In order to clarify the formation of molybdenum carbide, it is important to identify the source of carbon involved in the formation of this molybdenum carbide. The only C source in contact with the Mo powders is the graphite die and the carbon foil, because they are the only elements in contact with Mo powders.
The growth of the molybdenum carbide layer formed at 2123.15 K (1850°C) and at 77 MPa is shown in Figure 6 . In this figure, the square of the thickness is plotted against time. The thickness values plotted are the average values of the Mo 2 C formed over more than 10 measurements. The results presented in this figure show, as expected, a linear increase in product thickness with time. In that case, only the sintering time is taken into account, since the heating rate as well as the cooling rate is high. This assumption could involve some errors for shorter times. Figure 7 presents the evolution of the growth rate as a function of the inverse of the temperature. One can see that the growth rate increases when the temperature increases. From the Arrhenius plot of Figure 7 , the apparent activation energy (E A ) of the growth process was calculated. E A was estimated to be equal to 34 Kcal/ mol (142.3 KJ/mol), which is close to the values found in the literature. [31, 35, 36] B. Molybdenum Consolidation
Density
To measure the actual density of our Mo samples, the Mo 2 C layers were removed from both sides by polishing. The calculated relative densities with and without carbide layers are listed in Table I . We can see that the relative density without carbide is higher than the one with carbide at a given sintering parameter. This can be explained by the difference in density between Mo 2 C (8.9 g/cm 3 ) and Mo (10.22 g/cm 3 ). Figures 8(a) and (b) show the relative densities of the sintered samples without the carbide layer as a function of temperature and holding times, respectively. It was shown that the relative density increases with sintering temperature for a given time (5 minutes) and pressure (77 MPa) (Figure 8(a) ). In this case, the maximum relative density of 99.5 pct can be reached at a sintering temperature of 2223.15 K (1950°C). Moreover, our results are in good agreement with previous results obtained by P 2 C [25, 26] and SPS, [31] where a relative density of 98 pct was measured at 1923.15 K (1650°C) for P 2 C and 95 pct at 1873.15 K (1600°C) for SPS. Figure 8(b) shows the relationship between the relative density and the holding time at 2123.15 K (1850°C) and 77 MPa. This demonstrates that when the holding time is increased from 5 to 30 minutes, the relative density increases from 98.6 to 100 pct. To our knowledge, a relative density of 100 pct for molybdenum has not been reported yet using a sintering technique.
Hardness
Vickers hardness measurements made at different locations on the surface of each sample are summarized in Table I . The samples were polished to a mirror finish before the hardness measurement. The measured hardness was observed to be near uniform throughout each sintered sample, indicating uniform densification. Polishing of the sample surface reduces the spread in measured hardness values. Figures 8(a) and (b) show the variation of the hardness as a function of temperature and holding time, respectively. At 1473.15 K and 1623.15 K (1200°C and 1350°C) , the samples were not totally densified, so the hardness measurements are not representative. The hardness decreases very slightly when increasing the sintering temperature (it varies from 160 HV5 at 1723.15 K (1450°C) to 149 HV5 at 2223.15 K (1950°C), as shown in Figure 8(a) , as well as when increasing holding time. This decrease in hardness could be explained by the increase of grain size with temperature (Hall and Petch relationship). This will be explored in Section III-B-3. In both cases, the variation of hardness is very slight and could be simply due to experimental scattering.
The hardness values obtained in this study could be compared to the ones already published. However, the literature concerning the hardness exhibits high variations according to the initial state of the powders and to the process parameters used for their sintering. For example, Tuminen and Dahl [37] reported microhardness values of about 270 HV10 for unsintered Mo powder extrusions, and 250 HV10 for conventionally sintered Mo bars. These high values are easily understandable, since the powder comes from extrusion and thus must be highly deformed leading to a high hardness value. Kim et al. [38] obtained hardness values equal to 218 HV0.1 for nanopowder and 191 HV0.1 for commercial powder, which is in agreement with our results taking into account the measurement errors. At last, Srivatsan et al. [26, 39] reported hardness values of about 236 HV10 by plasma pressure compact with consolidation at a temperature of 1923.15 K (1650°C) for Mo powder (grain size of about 47 lm). Finally, using SPS techniques, Ohser-Wiedemann et al. [31] reported an average hardness value of about 209 HV0.1, independent of sintering condition, which is consistent with the values obtained in this study.
Grain size
The cross-sectional microstructure of molybdenum sintered at 2123.15 K (1850°C) for 5 minutes and with a pressure of 77 MPa is shown in Figure 9 (a) after wet chemical etching in H 2 SO 4 :HNO 3 :H 2 0 (1:1:3). No pores were observed between the grains. It was found that the average grain size (82 lm) is larger than the initial average grain size (16 lm). Figure 9(b) shows the grain size distribution, and we can also see that the grains grow discontinuously. Figures 9(a) and (b) suggest that secondary recrystallization occurs during sintering. Figures 9(c) and (d) show the variation of average grain size as a function of temperature and time, respectively. The sintering temperature has a significant effect on grain size. When the sintering temperature is under 1723.15 K (1450°C), the grain growth is slow and limited and the average grain size remains equal to the initial grain size (16 lm). When the sintering temperature rises from 1723.15 K to 2223.15 K (1450°C to 1950°C), the grains grow significantly, with an average grain size ranging from 33 to 108 lm, respectively (shown in Figure 9 (c)). Comparing to those in the literature, the same phenomenon was obtained with Reference 31: the grain size starts increasing at high temperature (higher than 1673.15 K (1400°C)). This result was obtained by SPS. In contrast, when using a conventional technique such as isothermal sintering, the grain growth starts at temperatures lower than 1373.15 K (1100°C). [38] This big difference may be due to the fast heating ramp of the SPS. Note that the comparison of the average grain values is very difficult, because the as-received Mo powder and grain size are not the same.
The relationship between the grain size and the holding time is presented in Figure 9 (d). In this series of experiments, the temperature was set to 2123.15 K (1850°C), the pressure to 77 MPa, and the sintering time ranged from 5 to 30 minutes. This demonstrates that when the holding time is increased from 5 to 30 minutes, the grain size increases from 82 to 102 lm. This difference in grain size growth can be explained by the fact that grain grows with an exponential function of the temperature but follows a logarithmic law according to time.
Considering the maximal sintering temperature is 2223.15 K (1950°C), it can be concluded that the main temperature range affecting grain growth is 1723.15 K to 2223.15 K (1450°C to 1950°C). Below 1723.15 K (1450°C), the sample exhibits a low density (less than 95 pct). Thus, the heat generated by the Joule effect is mainly used to increase the density of the sample, accelerating the diffusion of species to enlarge the bridges between particles. However, at higher densities, when the sample is close to being fully dense, grain growth can occur as in bulk samples. Considering the effect of time at a fixed temperature, as the sample exhibits already a high density at the temperature considered, the grain growth occurs. Anyway the effect of time is lower than that of temperature, which is well known in the homogenization heat treatment of steels. 
IV. CONCLUSIONS
In this work, the molybdenum powder was sintered by SPS. The pressure and heating rate were fixed at 77 MPa and 700 K/min (700°C/min), respectively. The sintering temperature was varied from 1473.15 K to 2223.15 K (1200°C to 1950°C), and the holding time was varied from 5 to 30 minutes. The results of this investigation demonstrate that molybdenum powders can be successfully consolidated by SPS in very short times. The contact of the Mo powders with the graphite die and the carbon foil leads to the diffusion of carbon inside the samples to form a molybdenum carbide layer. The thickness of this layer depends on temperature and time and can reach 211 lm at 2223.15 K (1950°C). The carbide layer grows in a linear manner, with an activation energy of carbon diffusion in Mo equal to 34 Kcal/mol.
A relative density of 100 pct was achieved at a sintering temperature of 2123.15 K (1850°C) and a holding time of 30 minutes. It can be concluded that the relative density is controlled by temperature and time. Hardness measurements were made at different locations on the surface of each sample. It was shown that the hardness of Mo bulk decreases very slightly with temperature and time. The grain growth during SPS was controlled by the sintering temperature and time. The sintering temperature has a significant effect on grain size. When the sintering temperature is under 1723.15 K (1450°C), grain growth is slow and limited; however, when the sintering temperature exceeds 1723.15 K (1450°C), grain growth is significant. Moreover, it was shown that grain size increases with time. 
